Bi 2 S 3 has shown promise in thermoelectric and optoelectronic applications as well as biological and chemical sensors. We present here a comprehensive study on the lattice dynamics of Bi 2 S 3 nanostructures probed by micro-Raman scattering spectroscopy and first-principles calculations. Bi 2 S 3 nanowires are synthesized using a physical vapor transport method via a vapor-liquid-solid mechanism on silicon substrates. Oriented Bi 2 S 3 nanosheets are also obtained on mica substrates. The structure of the nanowires is determined to be orthorhombic with a growth orientation of [110] by x-ray diffraction and high-resolution transmission electron microscopy. A Raman scattering study is conducted for as-prepared Bi 2 S 3 nanostructures, in which 33, 38, 46, and 53 cm −1 phonon modes are observed for the first time. We find several modes to be very sensitive to excitation wavelength and power. First-principles calculations of orthorhombic Bi 2 S 3 predict a series of Raman modes, in good agreement with our experiments. Phonon-dispersion curves of Bi 2 S 3 are also presented, and the effect of Born effective charges on the longitudinal-optical-transverse-optical splitting at the zone center is taken into account.
I. INTRODUCTION
In the past decades, semiconductor nanomaterials have been the focus of nanoscience and nanotechnology due to their unique chemical and physical properties and potential applications in a variety of fields. The metal chalcogenides A V 2 B VI 3 (A = As, Sb, Bi; B = S, Se, Te) form an important class of semiconductors that have extensive applications in photovoltaics, 1,2 optoelectronics, 3 and thermoelectricity. 4 The investigation of metal chalcogenide compounds is a very active research area with relevance to both fundamental and application-related issues. 5 With a direct band gap of 1.3 eV, bismuth sulfide (Bi 2 S 3 ) exhibits promising applications in photovoltaic converters and thermoelectric cooling technologies based on the Peltier effect. 4 Recently, Bi 2 S 3 nanostructures have been used in x-ray computed tomography imaging, 6 gas sensing, 7 and biomolecule detection. 8 Thus far, studies on Bi 2 S 3 have focused mainly on the synthesis and applications of its physical and chemical properties. Other fundamental properties, such as the rarely reported lattice dynamics, are equally indispensable in order to understand and engineer its optical and electrical properties via electron-phonon and photon-phonon interactions. Raman scattering spectroscopy is nondestructive and highly sensitive to structural defects 9 and structural anisotropy in nanostructures (e.g., surface phonons activated by surface modulation, [10] [11] [12] phonon splitting, and the antenna effect, 13 etc.). Raman spectroscopy is also very powerful for studying phonons in atomic layered materials, such as graphene 14 and, most recently, topological insulators. 15 In this regard, Raman scattering spectroscopy is versatile and ideal for studying phonons in Bi 2 S 3 . To the best of our knowledge, there has been no systematic Raman study of Bi 2 S 3 . Although there exist scattered reports about Raman scattering for Bi 2 S 3 in both powder form and nanostructure form, 6, [16] [17] [18] [19] [20] the identification of these phonon modes is lacking. From a fundamental level, the full picture of the phonon dispersion and dynamics is missing.
A variety of Bi 2 S 3 nanostructures have been synthesized, including nanoparticles, 6 nanowires, 7, 8, [21] [22] [23] nanorods, 19, 24 nanotubes, 25 nanoribbons, 26 nanoflowers, 17 etc., in which different methods including hydrothermal, 27 metal organic chemical vapor deposition, 28 the solution-gas interface technique, 1 and the electrodeposition method are involved. 29 Bi 2 S 3 nanoarrays have been made by employing the electrodeposition techniques with an anodic alumina membrane (AMM).
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The above-mentioned methods are largely chemistry-based. However, there have been few reports on the physical vapor transport method, which results in less incorporation of organic and ligand impurities in comparison with the wet chemical methods.
In this work, a physical vapor transport method has been employed to synthesize Bi 2 S 3 nanostructures. Highcrystallinity nanowires and oriented nanosheets have been obtained on both Si and mica substrates. A comprehensive study on the lattice vibrational properties of Bi 2 S 3 is conducted based on those high-quality nanomaterials. We present here an experimental micro-Raman scattering study together with theoretical calculations of Bi 2 S 3 single crystals with the aim to study the lattice dynamics for photoelectronic and thermoelectric investigations. First-principles calculations for vibrational modes of orthorhombic Bi 2 S 3 predict a series of Raman-active phonon modes that are in good agreement with our experiment. Phonon-dispersion curves of Bi 2 S 3 are also calculated via density-functional theory (DFT).
II. MATERIALS AND METHODS

A. Sample preparation and characterizations
Bi 2 S 3 nanostructures were synthesized via physical vapor transport in a hot-walled horizontal tube furnace. Bulk Bi 2 S 3 powder (Aldrich 99.9%) was placed at the center of the furnace in a quartz boat. The synthesis was carried out at 455
• C with a H 2 carrier gas flow of 20 sccm at 5 torr for 30 min. The product was collected at the downstream end of the furnace on substrates. Both Si (100) and mica substrates were used for the growth of the Bi 2 S 3 nanostructures. Si substrates were first treated with poly-l-lysine to form positively charged surfaces before the gold nanoparticle (50 nm, Ted Pella) dispersion. Freshly cleaved mica substrates were applied without any treatments.
The morphology of the products was examined by scanning electron microscopy (SEM, JEOL 7001F). Figure 1(a) shows an SEM image of as-prepared Bi 2 S 3 nanowires on Si substrates. The gold nanoparticle on top of the nanowire shown as the inset demonstrates the vapor-liquid-solid (VLS) growth mode. The diameter of as-grown nanowires is 40-60 nm, consistent with the diameter of the Au nanoparticles, and the length is 4-7 μm. In addition to the VLS growth mechanism, there also exists catalyst-free vapor deposition, in which case the diameter sizes of the Bi 2 S 3 wires show a fairly large variation from tens of nanometers to hundreds of nanometers, as shown in the low magnification picture. Mica is a layered structure material with natural atomic flatness, and it has been demonstrated to introduce the epitaxial growth of cadmium chalcogenide nanowire arrays. 31 Using mica as substrates, nanowires and oriented nanosheets can be obtained, as shown in Fig. 1 grown on top of the nanosheet layer through catalyst-free vapor deposition exhibit diameter sizes mainly between 50 and 100 nm.
The structure of as-prepared Bi 2 S 3 nanostructures was examined using x-ray diffraction (XRD) (Bruker D8 advanced diffractometer, Cu Kα) and transmission electron microscopy (TEM, JEOL 2010F). The XRD spectrum shown in Fig. 2 indicates that the products on both Si and mica substrates are in the orthorhombic phase (JCPDS card No. 17-0320) with good crystallinity. To obtain additional information about the growth orientation, we conducted a detailed TEM analysis. 
B. Raman measurement
Raman scattering spectroscopy was conducted at room temperature using a micro-Raman spectrometer (Horiba-JY T64000) in a backscattering configuration. Three different lasers have been used to excite the sample: a He-Ne laser (λ = 632.8 nm), a solid-state laser (λ = 532 nm), and a diode laser (λ = 785 nm). The backscattered signal was collected through a 100× objective and dispersed by a 1800 g/mm grating under triple subtractive mode. The spectra resolution is 1 cm −1 and the lowest resolvable frequency is 5 cm −1 . The size of the laser spot at the sample surface is approximately 1 μm. Bi 2 S 3 nanowires, nanosheets, and bulk powder were all examined by Raman scattering and showed similar spectra. We found that the signal-to-noise ratio was the best in nanosheets due to the much larger excited volume. However, we did not observe significant variation of the Raman features among all three types of samples. We therefore conclude that phonon confinement is negligible in these sample sizes. 32, 33 This is understandable because previous reports about silicon and gallium phosphide nanowires show that the phonon confinement effect becomes prominent only when the size is down to 10 nm, which is much smaller than the size of our nanostructures.
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C. First-principles calculations
We employ density-functional theory (DFT) as implemented in the QUANTUM ESPRESSO 37 suite for our theoretical study. Bi 2 S 3 belongs to the orthorhombic space group P bnm with 20 atoms per primitive cell, five of which are inequivalent. The unit cell is shown in Fig. 4 .
38 A plane-wave basis set with a high-energy cutoff of 55 Ry is used to obtain reliable lattice constants and atomic positions. We use the local density approximation with pseudopotentials for S and 40 showing a very good agreement. Bi generated according to the scheme proposed by Rappe et al. 39 A 3 × 3 × 9 Monkhorst-Pack scheme is used for the k-point sampling. Convergence tests show that total energies are converged to 1 meV/atom.
Zone-center phonons
We first optimize the atomic coordinates and cell dimensions of Bi 2 S 3 with residual forces of less than 10 −3 eV/Å and stresses of less than 3 × 10 −5 eV/Å 3 . Equilibrium lattice parameters obtained from the structural optimization are reported in Table I , which shows good agreement with experimental values of better than 2%.
The zone-center phonon frequencies are then calculated according to linear-response theory using density-functional perturbation theory (DFPT). 41, 42 For a 20-atom Bi 2 S 3 primitive cell, there are 60 zone-center phonon modes that can be classified according to the D 2h point-group symmetry: 10A g + 10B 1g + 5B 2g + 5B 3g + 5A u + 5B 1u + 10B 2u + 10B 3u . Of these, only A g , B 1g , B 2g , and B 3g modes are Raman-active and hence may be compared with Raman experiments; the A u mode is silent while the B 1u , B 2u , and B 3u modes are infrared-active. Thus, a total number of 27 Raman-active phonon modes are predicted, taking no account of the three zero-frequency acoustic phonon modes, which will be shown later in the phonon-dispersion curves.
Phonon dispersion
It is possible to further obtain the full phonon dispersion of Bi 2 S 3 using DFPT. Such a calculation requires the evaluation of dynamical matrices D(q) over a grid of q points in the reciprocal space to construct the real-space interatomic force-constant matrix via Fourier interpolation. However, the DFPT calculation is to be performed at each q and is hence computationally very demanding for the current system. As a result, we adopt a supercell force-constant approach [43] [44] [45] [46] for the phonon-dispersion curves. We note that this approach 43 is very similar to the interplanar force-constant approach 47, 48 in which entire planes of atoms are displaced to evaluate the interplanar force constants.
In the supercell force-constant approach, we displace each atom in the primitive cell from its equilibrium position in the a, b, and c directions by a distance of 0.015Å. In order to reduce the effect of periodic images during each displacement, we use a 2 × 2 × 4 orthorhombic supercell with 320 atoms and a 2 × 2 × 3 Monkhorst-Pack mesh. We calculate the forces acting on all atoms in the supercell using the HellmanFeynman theorem as implemented in QUANTUM ESPRESSO, allowing us to evaluate the interatomic force-constant matrix φ using a central finite-difference scheme. We have used a cutoff radius of 15.0Å centered on each atom when the force constants are evaluated. The resulting phonon frequencies at and Z points (see Fig. 7 ) are essentially the same as those obtained from the density-functional perturbation theory.
Due to the polar character of Bi 2 S 3 , the long-range Coulomb force gives rise to a macroscopic electric field, which can be observed in the nonvanishing Born effective charges Z * . This leads to the splitting of longitudinal-optical (LO) and transverse-optical (TO) phonons in Bi 2 S 3 . However, the force-constant matrix φ calculated using the above-mentioned supercell method neglects these long-range interactions. In order to account for these interactions in the phonon dispersion, we employ a mixed-space approach proposed by Wang et al. 49 in which a correction factor is added to φ:
where is the corrected real-space interatomic force-constant matrix, φ is the short-range contribution as calculated previously using the supercell method, and ϕ is the correction factor due to long-range interactions. α and β run on the three spatial directions, while s and t run on all atoms in a primitive cell and on all primitive cells within the supercell. N is the number of primitive cells in the supercell. We calculate the correction factor ϕ αβ st using
where Z * is the Born effective charge tensor, ∞ is the highfrequency dielectric tensor, q is the direction of approach to , is the volume of the primitive cell, and e is the magnitude of the electron charge. This requires the knowledge of both Z * and ∞ , which can easily be obtained from the DFPT calculation performed at . The corrected force-constant matrix is finally used to calculate the phonon-dispersion curves along lines of high symmetry in the Brillouin zone.
III. RESULTS AND DISCUSSION
A typical Raman spectrum from 30 to 300 cm −1 for Bi 2 S 3 under 532 nm excitation is shown in Fig. 5 . This was collected from a nanosheet on mica with a laser power of 3 mW, measured through a 10× objective. The Raman spectrum can be well fitted with 17 Lorentzian peaks. The reported Raman spectrum for powder-form bulk Bi 2 S 3 shows four broad bands at 80, 185, 236, and 260 cm −1 , which are consistent with our spectrum shown in Fig. 5 . 20 orthorhombic Bi 2 S 3 . Figure 6 shows schematically the normal modes of the four Raman modes of each symmetry (A g , B 1g , B 2g , and B 3g ) and one IR-active mode B 3u as obtained from the theoretical calculations. The phonon dispersion of Bi 2 S 3 from the supercell method is shown in Fig. 7 together with the zone-center phonon frequencies calculated from DFPT. There is very good agreement at between DFPT and the supercell method, with deviations of no more than 2.5% for the 60 phonon modes. The long-range Coulomb interactions give rise to a dependence of zone-center phonons on the direction of approach to . This is visible in the dispersion as differences in the zone-center frequencies between the X → and Y → directions. We note that the Raman modes that are being probed experimentally are transverse modes that are not influenced by the macroscopic electric field and hence do not suffer from LO-TO splitting.
Based on the first-principles calculations, we fitted our Raman spectrum with 17 Lorentzian peaks as shown by the blue curve in Fig. 5 , which is in good agreement with the experimental data (red squares). The fitted peaks at 224, 254, and 276 cm −1 appear to be very weak but are confirmed by our wavelength-and power-dependent Raman scattering analysis, which will be discussed shortly. In addition, the least-squares fit also improves significantly when these peaks are taken into account. According to the line-shape analysis, 17 Raman-active optical phonon peaks are observed. Taking into consideration the calculated Raman scattering cross sections, we assign these observed peaks to specific phonon modes. Table II summarizes both the measured experimental phonon frequencies and their corresponding theoretical phonon frequencies. The experimental results match well with our calculations, with the majority of differences being less than 2 cm −1 . Some phonons have a discrepancy of 5 cm −1 , which is still within the error limit. As shown in Table II , most observed phonons are A g and B 1g modes. However, the peak at 123 cm −1 does not correspond to any predicted Raman mode, lying a large 15 cm −1 from the closest possible Raman modes. This distinct peak has a FWHM of around 7 cm
and has also been reported in Bi 2 S 3 thin films. 50 Considering the calculated cross section, we propose that this 123 cm −1 peak does not correspond to a Raman-active mode but an IR-active B 3u phonon mode. This IR-active to Raman-active transition is generally due to the breaking of symmetry in bulk or nanostructures that can occur as a result of displacement defects in the lattice. 52 This allows for the relaxation of Raman selection rules and enables IR-only modes to appear in the Raman spectrum. In addition to the peak frequencies, we also observe that the FWHMs for the phonon peaks vary from 4 to 30 cm −1 , indicating large differences in phonon lifetimes. The low-frequency peaks (less than 100 cm −1 ) have much narrower FWHMs, and thus have much longer lifetimes than the high-frequency ones.
Having analyzed the overall Raman spectrum, we next examine the Raman scattering spectroscopy of individual Bi 2 S 3 nanosheets as a function of the excitation power at room temperature. Bi 2 S 3 is known for its low thermal conductivity, which can probably result in the sensitivity of its Raman spectrum to different excitation powers due to the laser heating effect. We conduct the power-dependent Raman scattering under 532 nm excitation on the same spot of a Bi 2 S 3 nanosheet. Typical Stokes and anti-Stokes Raman spectra are shown in Fig. 8 . The laser power is varied from 0.4 to 9.6 mW while keeping the integration time constant at 200 s. All spectra are normalized using the peak intensity of 53 cm −1 . We observed an interesting phenomenon, namely that particular phonon peaks (denoted by arrows in Fig. 8 ) are very sensitive to excitation power. The 81 and 123 cm −1 peaks can barely be observed below 3 mW excitation but become more pronounced as the power is increased. With a power of 7.8 mW, the 81 cm −1 peak becomes even stronger than the 70 cm −1 peak. The 262 cm −1 peak also shows a similar evolution. Using a power of less than 3 mW, the 196, 224, and 237 cm −1 peaks are indistinguishable and the Raman features appear more like humps instead of peaks. As the excitation power is increased, these peaks gradually separate and the intensities of the 196 and 224 cm −1 peaks become stronger. The improvement in Raman features under higher excitation power can be explained as the effect of laser annealing, which results in an improvement of crystalline quality at high laser power. However, the laser-induced heating does not seem sufficient to cause evident lattice expansion, as no peak shift is observed among Raman spectra under different excitation powers. A notable exception to this rule is the 237 cm −1 peak, which weakens and finally disappears as the excitation power is increased. The reason behind this abnormal phenomenon is still unclear.
To further elucidate how Raman scattering depends on the excitation wavelength, we conducted experiments on the same Bi 2 S 3 nanosheet using three different excitation lasers: 532, 632.8, and 785 nm. The laser power and integration time were kept at 3 mW and 200 s, respectively, for all three lasers. Figure 9 shows the Raman spectra under different excitation wavelengths. The Raman intensity is strongest under the 532 nm excitation and much weaker under the 785 nm excitation for the same integration time, in agreement with the well-known 1/λ 4 (λ is the excitation wavelength) dependence of Raman scattering efficiencies. 54, 55 To facilitate a direct comparison among these three spectra, the 785 and 632.8 nm spectra have been multiplied by a factor of 10 and 2, respectively. Hence, the three spectra are normalized by the 53 cm −1 peak. Some phonon peaks are only identified in the 532 nm spectrum, such as those located at 81, 123, and 196 cm −1 (denoted by black arrows). The 276 cm −1 peak can be distinctly observed in the 632.8 and 785 nm spectra, but is very weak in the 532 nm spectrum, probably due to shadowing by the strong 262 cm −1 peak. We also note that some phonon peaks are remarkably sensitive to the excitation wavelengths as their relative intensities change significantly with respect to that of the 53 cm −1 peak. For example, the peaks located at 38, 100, and 262 cm −1 (denoted by red arrows) are especially pronounced under the 532 nm excitation. Generally, we find that some phonon modes in orthorhombic Bi 2 S 3 show a strong dependence on the excitation wavelength, and certain modes exhibit a notable preference to the 532 nm excitation. This suggests that the scattering cross sections depend very much on the excitation wavelength. 56 This dependence usually happens in resonant Raman scattering, where Raman scattering efficiencies are expected to resonate when the laser frequencies approach the electronic band edge. 57 However, this explanation cannot be applied here because 532 nm is far from the band edge (located around 950 nm) of orthorhombic Bi 2 S 3 . Further research is needed to fully understand the origin of the dependence.
IV. CONCLUSION
In conclusion, high-crystalline-quality Bi 2 S 3 nanostructures have been synthesized through a simple physical vapor transport method. Mica substrates were used to obtain largescale oriented nanosheets. A comprehensive Raman study was conducted experimentally and theoretically in order to investigate the lattice dynamics of orthorhombic Bi 2 S 3 . First-principles calculations for bulk predict 27 Raman-active optical phonon modes of frequencies 30-300 cm −1 , 16 of which agree well with our experimental measurements on nanostructures. The Raman peaks are successfully assigned to specific Raman symmetry modes except for the 123 cm −1 phonon mode, which we tentatively attribute to an IR B 3u mode that has probably become Raman-active as a result of symmetry breaking caused by lattice displacement defects. Phonon-dispersion curves of Bi 2 S 3 are also calculated using density-functional theory, with the effects of long-range interactions included. The variation of the Raman spectra under excitation lasers of different wavelengths illustrates the wavelength dependence of the scattering cross section for certain Raman modes.
